An approach based on structured singular value theory is proposed for the design of robust load frequency controller in response to the new technical control demand for large scale power systems in a deregulated environment. In this approach the power system is considered under the pluralistic Load Frequency Control (LFC) scheme, as a collection of different control areas. Each control area can buy electric power from some generation companies to supply the area-load. The control area is responsible to perform its own LFC by buying enough power from pre-specified generation companies, which equipped with robust load frequency controller.
Introduction
Currently, the electric power industry is in transition from large, vertically integrated utilities providing power at regulated rates to an industry that will incorporate competitive companies selling unbundled power at lower rates. In a deregulated environment, Load Frequency Control (LFC) acquires a fundamental role to enable power exchanges and to provide better conditions for the electricity trading. LFC is treated as an ancillary service essential for maintaining the electrical system reliability at an adequate level (1) . There are many different schemes and organizations for the provision of ancillary services in countries with a restructured electric industry. For example in USA, Independent System Operators (ISO) are the responsible organizations (2) (3) . In Europe, the Union for the Co-ordination of Transmission of Electricity (UCTE) is responsible for setting the guidelines on overall system operation. The UCTE coordinates the operation of Transmission System Operators (TSO), which are responsible for LFC task of more than 20 countries (4) . In many countries with new electric market structure, only some of generation companies equipped with secondary control requirements. For example, in Netherlands' electric industry case mid 1998, less than 60% of the total power production was under secondary control and frequency regulation (5) . In an open energy market, generation companies may or may not participate in LFC task, therefore the control strategies for new structure with a few number of LFC participators are not such straight as those for vertically integrated utility structure. Technically, this problem will be more important as Independent Power Producers (IPPs) get into the electric power markets (2) . Under restructured environment, several notable solutions have already been proposed. Ref. (2) , (6) , (7) have reported strategies to adapt well-tested classical LFC schemes to the changing environment of power system operation under deregulation. The H∞-based method for a simple area with two generation units is given in Ref. (8) . Ref. (9) , (10) have proposed the flexible neural network and µ-based load frequency controller for the same example. Ref. (11) (13) discuss on the some general issues for solution of LFC problem for power system after deregulation. Ref. (14) has introduced the participation matrix concept to generalize the classic LFC scheme in a deregulated environment. This paper focuses on technical issues associated with LFC in a restructured power system and addresses the new design of robust load frequency controller based on structured singular value theory for interconnected electric power systems with a possible structure in the competitive environment from the UCTE perspective for pluralistic LFC scheme. The power system structure is considered as a collection of control areas interconnected through high voltage transmission lines or tie-lines. Each control area has its own load frequency controller and is responsible for tracking its own load and honoring tie-line power exchange contracts with its neighbors.
We applied the proposed strategy to a three control area example. The obtained results show the designed controllers guarantee robust stability and robust performance for a wide range of operating conditions. The preliminary steps of this work are presented in Ref. (10) , (12) , (15) , (16) .
Pluralistic LFC Scheme and Modeling

Genralities
Depending on the electrical system structure, there are different control methods and LFC schemes, but the common objective is restoring the frequency and the net interchanges to their desired values, in each control area. For example in Europe three different types of control are defined by UCTE: Centralized network control, Decentralized pluralistic network control and Decentralized hierarchical network control (7) . The countries with a central electricity supply system use the central network control, where LFC is operated through a single secondary controller. The other two decentralized methods consider some separate control areas and each control area has individual controller. One or more control areas operating together for what concerns LFC can establish a control block and in this case a block co-ordinator is defined as the overall control center for the LFC and for the accounting of the whole control block.
In this paper we will focus on LFC synthesis in each control area under decentralized pluralistic network control scheme. A diagram of the pluralistic LFC is shown in Fig. 1 . In this scheme all the control areas regulate their frequency by their own controllers. If some control areas perform a control block, in this case a separate controller (block coordinator) coordinates the whole block towards its neighbor blocks/control area by means of its own controller and regulating capacity.
In vertically integrated power system structure, it is assumed that each bulk generator unit is equipped with secondary control and frequency regulation requirements, but in an open energy market, generation companies may or may not participate in LFC problem. Therefore, in a control area including numerous distributed generators with an open access policy and a few LFC participators, comes the need for novel control strategies to maintain the reliability and eliminates the frequency error. Following, we introduce the independent robust 
Control Area Modeling
Consider a general control area includes N Generator units (Gunits) that supply the area-load and assume the kth generator unit G k can be able to generate enough power to satisfy necessary participation factor for tracking the load and performing the LFC task, and other Gunits are the main supplier for area-load. The connection of each control area to the rest of power system is considered as disturbance.
Power systems are inherently non-linear. There are different complicated and nonlinear models for power systems. For LFC, however, a simplified and linearized model is usually used. In advanced control strategies (such as the one considered in this paper), the error caused by the simplification and linearization can be considered as parameter uncertainties and unmodeled dynamics.
The following proposed control area model is mainly based on modeling approach which presented in Ref. (8), (17) (19) . To build the area system model, assume that each Gunit has one generator. The linearized dynamics of the individual generators are given by: The generators are equipped with a speed governor. The simplest models of speed governors and turbines associated with generators are given by:
where The individual generator models are coupled to each other via the control area system. Mathematically, the local state space of each individual generator must be extended to include the system coupling variable (δ), which allows the dynamics at one point on the system transmitted to all other points.
Let bus m be the load bus, V i = |V i | δ i be the voltage at bus i and assume ∆δ ij = ∆δ i − ∆δ j . The power flows from the Gunits to the area-load are expressed in terms of the voltages and line reactances.
and
where
T i is synchronizing power coefficient of line i connected to the load bus (bus m) via a line whose reactance is x i . The change in load is expressed by:
∆δ km is eliminated from Eqs. (3), (4) using Eq. (6):
And rewrite the Eqs. (3), (4) using Eq. (7), as follows:
Rewriting Eqs. (1), (2) with Eqs. (8), (9), we get the state space model of control area aṡ
where:
d is the disturbance vector and,
Since one of objectives of LFC problem is to guarantee that the frequency will return to its nominal value following a step disturbance; hence the equation (10) is augmented to include the rotor angle of G k , (∆δ k ) in the state vector. To perform the above model, all the required parameters and data should be estimated or available at each control area.
Synthesis Methodology
The objective is to formulate the LFC problem in each control area based on structured singular value method, independently. The general scheme of proposed control system for a given area is shown in Fig. 2 .
β i and λP i are properly setup coefficient of the secondary regulator. The robust controller acts to maintain area frequency and total exchange power close to the scheduled value by sending a corrective signal to the assigned Gunits. This signal, weighted by the generator participation factor C ij , is used to modify the set points of generators. As there are many Gunits in each area, the control signal has to be distributed among them in proportion to their participation in the LFC. Hence, the generator participation factor shows the sharing rate of each participant generator unit in the LFC task. Note that for a given control area i with N Gunits,
Analogously to the traditional area control error, let define the output system variable as follows:
and,
θ is a zero vector with the same size as d. To achieve our objectives and according to structured singular value theory (µ-synthesis) requirements we have proposed the control strategy applicable for each control area as shown in Fig. 3 . It is notable that in model of power system there are several uncertainties because of parameter variations, model linearization and unmodeled dynamics due to some approximations. Usually, the uncertainties in power system can be modeled as multiplicative and/or additive uncertainties (20) . In Fig. 3 the ∆ U models the structured uncertainty set in the form of multiplicative type and W U include the associated weighting functions.
According to requirement performance and practical constraint on control action, three fictitious uncertainties W P 1 , W P 2 and W P 3 are added to power system model. The W P 1 on the control input sets a limit on Fig. 2 . General scheme of proposed control system the allowed control signal to penalize fast change and large overshoot in the control action. This is necessary in order to guarantee implement ability of the resulting controller. The weights W P 2 and W P 3 at the output set the performance goal e.t. tracking/regulation on the output area control signal. ∆ P is a diagonal matrix includes the uncertainty blocks ∆p 1 , ∆p 2 and ∆p 3 associated with W P 1 , W P 2 and W P 3 , respectively.
We can redraw the Fig. 3 as a standard M -configuration, which is shown in Fig. 4 . G includes the nominal model of area power system, associated weighting functions and scaling factors. The block labeled M , consists of G and controller K. Now, the synthesis problem is designing the robust controller K. Based on the µ-synthesis, the robust stability and performance holds for a given M -configuration, if and only if
Using the performance robustness condition and the well-known upper bound for µ, the robust synthesis problem reduces to determine
by iteratively solving for D and K (D-K iteration algorithm).
Here D is any positive definite symmetric matrix with appropriate dimension andσ(.) denotes the maximum singular value of a matrix. The proposed strategy guarantees the robust performance and robust stability for closed-loop system. In [
Step 1] Identify the uncertainty blocks and associated weighting functions for the given control area, according to dynamic model, practical limits and performance requirements, as shown in Fig. 3 .
[
Step 2] Isolate the uncertainties from nominal control area model, generate ∆p 1 , ∆p 2 , ∆p 3 and ∆ U blocks; and performing M -feedback configuration (formulate the robust stability and performance).
Step 3] Start the D-K iteration using µ-synthesis toolbox to obtain the optimal controller.
Step 4] Reduce the order of result controller by utilizing the standard model reduction techniques and apply µ-analysis to closed loop system with reduced controller to check whether or not upper bound of µ remains less than one.
Applied to a 3-Control Area
A sample power system with three control area and the related general control systems under pluralistic LFC scheme are shown in Fig. 5 . Each control area has some Gunits with different parameters and it is assumed that one generator unit with enough capacity is responsible to area load frequency regulation, for example for areas 1 and 3:
A control area may have a contract with a Gunit in other control area. For example, control area 3 buys power from G11 in control area 1 to supply its load. The power system data is given in Appendix. Following, we will discuss on application of proposed strategy in each area. The synthesis procedure in control area 1 will be described in details, and for other two areas, we will present the final results, only.
According to (10) , the state space model of control area 1 will be obtained aṡ (15) where 
X 5 = ∆δ 12 ∆δ 13 ∆δ 14 ∆δ 1
Design Objectives
The control area 1 delivers enough power from G 11 and firm power from other Gunits to supply its load and support the LFC task. In case of a load disturbance, G 11 must adjust its output accordingly to track the load changes and maintain the energy balance.
The nominal open loop system is stable with one oscillation mode. Simulation results show that the open-loop system performance is affected by individually changes of H 1 and H 3 , more significant than changes of other control areas parameters within a reasonable range. Eigenvalue analysis shows that the considerable change in these parameters leads the power system to instability situation. Therefore, here in viewpoint of uncertainty, our focus will be concentrated on variation of H 1 and H 3 parameters which are the sources of uncertainty associated with control area model and important parameters from control issue.
Following, we will model this uncertainties as an unstructured multiplicative uncertainty block that contains all the information available about H 1 and H 3 variations. It is notable that we are not under obligation to consider the uncertainty in the few parameters, only. Considering the more complete model by including additional uncertainties is possible and causes less conservative in synthesis. However the complexity of computations and the order of resulted controller will increase.
For the control area 1, we have set our objectives as follows:
( 1 ) Holding stability and robust performance in presence of 75% uncertainty for H 1 and H 3 (This variation range leads the control area system to unstable condition).
( 2 ) Holding stability and desired reference tracking for 10% demand load change in control area (0 ≤ ∆P L (%) ≤ 10).
( 3 ) Minimizing the effect of step disturbance from outside area (d), through the L12 and L13.
( 4 ) Maintaining acceptable overshoot and settling time on area frequency deviation and power changing signals.
( 5 ) Set the reasonable limit on control action signal with regards to changes in speed and amplitude.
Selection of Weighting Functions
Uncertainty weight selection: As it is mentioned in previous section, we can consider the specified uncertainty in power system area as a multiplicative uncertainty (W U ) associated with nominal model G 0 (s). Corresponding to an uncertain parameter, letĜ(s) denotes the transfer function from the control input u to control output y at operating points other than nominal point. Then the multiplicative uncertainty block can be expressed as 
Some sample uncertainties corresponding to different values of H 1 and H 3 are shown in Fig. 6 . This figure shows the frequency responses of both parametric uncertainties are close to each other, hence to keep the complexity of obtained controller low, according to above result we can model uncertainties due to H 1 and H 3 variation by using a single, norm bonded, multiplicative uncertainty to cover all possible plants as follows (the frequency responses of W U (s) is also shown in Fig. 6 ).
This figure clearly show that attempting to cover the uncertainties at all frequencies and finding a tighter fit using higher order transfer function will result in highorder controller. The weight Eq. (17) used in our design provides a conservative design at low and high frequencies but it gives a good tradeoff between robustness and controller complexity.
Performance weight selection: As we discussed in section 3, in order to guarantee robust performance we need to add a fictitious uncertainty block ∆ P , along with the corresponding performance weights W P 1 , W P 2 and W P 3 , associated with the control area error minimization and control effort to this structure. In fact an important issue in regard to selection of these weights is the degree to which they can guarantee the satisfaction of design performance objectives.
For the problem at hand a suitable set of performance weighting functions that offering a good compromise among all the conflicting time-domain specifications, is W p1 (s) = 0.1s 0.01s + 1 , W p2 (s) = 0.005s + 1 35.7s + 0.04
The selection of W P 1 , W P 2 and W P 3 entails a trade off among different performance requirements. The weight on the control input W P 1 was chosen close to a differentiator to penalize fast change and large overshoot in the control input. The weights on input disturbance from other areas (W P 3 ) and output error (W P 2 ) were chosen close to an integrator at low frequencies in order to get disturbance rejection, good tracking and zero steady-state error. Additionally the order of the selected weights should be kept low in order to keep the controller complexity low. Finally, we know that to reject disturbances and to track command signal property, it is required that singular value of sensitivity function be reduced at low frequencies, W P 2 and W P 3 be such select that this condition to be satisfied.
Our next task is to isolate the uncertainties from the nominal plant model and redraw the system in the standard M -∆ configuration. By using the uncertainty description and performance weights developed in above, we get an uncertainty structure ∆ with a scalar block (corresponding to the uncertainty) and a 3 × 3 block (corresponding to the performance). Having setup our robust synthesis problem in terms of the structured singular value theory, we used the µ-analysis and synthesis toolbox to obtain a solution.
The controller K 1 (s) is found at the end of the Three D-K iteration yielding the value of about 0.994 on the upper bound on µ, thus guaranteeing robust performance. The resulting controller has a high order (29th). The controller is reduced to a 7th order with no performance degradation, using the standard Hankel Norm approximation. The Bode plots of the full-order controller and the reduced-order controller are shown in Fig. 7 .
The transfer function of the reduced order controller is given as Using the same procedure and setting the similar objectives as discussed above, give us the desired robust load frequency controllers for control areas 2 and 3 (The corresponding polynomials are given in Appendix). 
Simulation Results
In order to demonstrate the effectiveness of the proposed strategy, some simulations were carried out. In these simulations, the proposed load frequency controllers were applied to the three control area power system described in Fig. 5 . Fig. 8 shows the frequency deviation in control area 1, following a 10% increase in the area-load. ∆f 11 , · · · , ∆f 14 display the frequency deviation at G 11 , · · · , G 14 , respectively. At steady-state the frequency in each control area reaches to its nominal value. Fig. 9 shows the changing in power coming to the control area 1 from its Gunits. It can be seen the power is initially coming from all Gunits to respond to the load increase which will result in a frequency drop that is sensed by the speed governors of all machines. But after few seconds and at steady-state the additional power is coming from G 11 only and other Gunits do not contribute to the LFC task. Fig. 10 demonstrates the disturbance rejection property of closed loop system. This figure shows the frequency deviation at Gunits in control area 1, following a step disturbance of 0.1 pu on areas interconnection lines L12 and L13 at t = 17 s. Power system is started up with a 10% load increase in each area, already. Fig. 11 . Frequency deviation at Gunits in (a) control area 2, (b) control area 3, following a 10% load increase in each area Fig. 11 shows the frequency deviation in control area 2 and 3, following a 10% load increase in each area. For the last simulation case, random demand load signal shown in Fig. 13(a) , representing expected area demand load fluctuations, is applied to the control area 1. The frequency deviations at Gunits are shown in Fig. 13(b) , (c). Power change and control signals are given in Fig. 13(d) , (e). This figures show the controller tracks the load fluctuations effectively.
The last two figures investigate the proposed controllers guarantee the robust stability and robust performance for a wide range of operating conditions.
Conclusions
In this paper a new method for robust load frequency controllers using structured singular value theory in a restructured power system has been proposed. Design strategy includes enough flexibility to setting the desired level of stability and performance, and, considering the practical constraint by introducing appropriate uncertainties.
The proposed method was applied to a three control areas power system under a pluralistic LFC scheme.
Simulation results demonstrated the effectiveness of methodology. It was shown that the designed controllers guarantee the robust stability and robust performance such as precise reference frequency tracking and disturbance attenuation under a wide range of parameter variation and area-load conditions.
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